Major challenges to low speed micro flight are the transient and time-averaged velocities arising from the Atmospheric Boundary Layer (ABL), particularly turbulence a few metres above the ground. In this paper, existing data from meteorologists and wind engineers are reviewed and measurements dedicated to understanding the spatial and temporal velocity fields that MAVs experience are briefly described. Data from a wide variety of terrains are analysed, with the majority of data obtained in relatively well mixed turbulent flow (i.e. away from local effects such as buildings) and for conditions of nominally neutral stability. Spectra for data well removed from local effects exhibited the expected 5/3rds Kolmogorov law. Transient flow pitch angles were investigated (obtained from four small laterally displaced probes), in order to understand the possible roll and pitch inputs to MAVs. It was noted that for all data obtained the variation with lateral separation decreased relatively slowly with reducing separation down to the closest inter-probe spacing of 14mm. This effect is thought to explain the increasing piloting difficulties experienced in maintaining good roll control for decreasing scales of craft when any appreciable atmospheric winds are present. 
NOMENCLATURE f = frequency I = turbulence intensity of the ambient wind J = turbulence intensity perceived by a moving object k = wave number (= f/V r ) S ij = power spectral density between data at points i and j, calculated using no data window and averaging using 50% overlap (Bartlett's modified periodogram technique) S uu = power spectral density in the along wind direction, calculated as above t = time (s) T = sample time (s) V r = overall relative velocity magnitude (= ) u, v, w = velocity components in the x, y, and z directions respectively α = pitch angle [= tan -1 (w/u) ] ∆α ij = pitch variation, or the difference in pitch angle between points i and j σ = standard deviation σ ∆a = pitch variation fluctuation -= denotes a time-averaged or mean component ' = denotes a fluctuating component (i.e. the mean component has been removed from the variable)
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INTRODUCTION AND AIMS
Micro air vehicles (MAVs) are planned to be used in the lower parts of the Earth's surface and generally in areas where there is no direct line of sight. Such areas can be city centres, residential areas or naturally occurring terrains such as mountains, canyons etc. These domains are complex -both geographically and in terms of their wind environment. Very close to the ground MAVs will be operating in the "roughness zone" where the wakes of the local surface obstructions are significant and can increase the turbulent energy levels yet reduce the mean velocities. Consequently atmospheric turbulence can have a severe effect on micro flight [1] .
In the last few hundred metres of the Earths' surface is the Atmospheric Boundary Layer (ABL, or sometimes termed the planetary boundary layer); a region where the winds are influenced by the roughness of the ground. Here the mean wind speeds increase with height (up to the Gradient Height, essentially the thickness of the boundary layer). The variation of velocity with height has been studied for many years in the field of wind engineering, and is known to vary significantly with elevation and ground roughness [2] , see Figure 1 . It is also influenced by the stability of the atmosphere (adiabatic, or various degrees of stability) [3] , but this effect is not considered further here. Mean wind profiles for a range of ground roughness, from [2] Manned craft generally spend most flight time well above the Gradient Height and can generally fly in all but the most extreme wind conditions (e.g. cyclonic). In contrast the small size and mass of MAVs is such that the ability to maintain control and satisfactory forward motion can be considerably impaired when there is any appreciable atmospheric wind. Over the last few years we have been investigating the literature from meteorologists and wind engineers and augmenting existing data with some fine-scale measurements at an elevation of 4 m. Much of this work can be downloaded gratis 1 and initial findings have been reported [4] .
A large volume of work exists on understanding the turbulence inherent in atmospheric winds and its effects on the response of structures and aircraft; see for example [5, 6] . It is now common practice to provide correctly scaled models of atmospheric turbulence when undertaking both time-averaged and time-varying studies on buildings, masts, bridges and other stationary structures, and recent work extends these studies to road vehicles. Turbulence experienced by aircraft includes the single-point models of atmospheric wind by Dryden but there has been negligible work on smaller unmanned craft including MAVs. It is interesting to note that Etkin [7] saw the requirement to make measurements from laterally separated probes, in order to study the effects on manned aircraft taking off and landing in windy conditions. This was well before the advent of MAVs. He suggested a series of measurements up to the maximum frequencies of interest, made at points representing the path of the aircraft through a variety of atmospheric conditions to enable a further understanding of the disturbances.
Knowledge of how the flow environment is likely to vary in time and space -particularly at the scales applicable to MAVs -is useful for computational models and physical replications of the flow. Understanding the effects of gust inputs on flapping flight has been identified as an area requiring further work [31] . Replication of aspects of the developed turbulent flow has been achieved in a very large wind tunnel [25, 26] and included flying experiments with a variety of instrumented rotary and fixed wing craft and some measurements of a flapping MAV fixed to a dynamic force balance [26, 27] . Flight trials have indicated that rotary aircraft are less affected by the deleterious effects of turbulence than similar sized fixed wing aircraft, but both are most challenging to control for even experienced human pilots. As scales reduce, frequencies of control inputs (to hold nominally straight and level flight) increased to the point where a highly responsive closed-loop control system is needed for control augmentation. Initial results indicated such a system can provide sufficient control authority even for small fixed wing craft, but more research is required to understand the limits of fixed wing flight at reducing scale [32] .
It is the aim of this paper to review some of the existing relevant knowledge in meteorology and wind engineering for heights in the last few metres of the ABL and also to provide some insights into the smaller temporal and spatial scales of atmospheric turbulence that are considered a challenge to MAV control. In particular we present data from four laterally separated probes measured at relatively high frequencies to assist in understanding the transient velocity and pitch fluctuation, thought to significantly influence MAV pitch and roll dynamics in atmospheric winds. Data were obtained in rough terrains but removed from local effects (e.g. building wakes) and under conditions of nominally neutral stability.
EXISTING METEOROLOGICAL AND WIND ENGINEERING KNOWLEDGE
The ABL has been documented by many workers. Information has been obtained by meteorologists and wind engineers using relatively large anemometers on fixed masts at heights 2 well removed from the ground (in order to predict loadings on masts, tall buildings etc.) [8] [9] [10] [11] [12] [13] [14] . It is useful to consider the likelihood of experiencing given levels of mean atmospheric winds. Whilst mean wind speeds vary with several factors including; time of day, month of the year, location, elevation etc and details can be found from meteorological agencies for specific locations and times, an example is provided for illustrative purposes, see Figure 2a . These data are for a coastal site and it can be seen that the most likely wind speed is of the order of 6 m/s and the likelihood of experiencing calm is about 7%. Generally coastal sites will have higher mean speeds than for centrally located sites. In Fig 2b the variation of mean monthly wind speed is shown for Melbourne, Australia and the average wind speed is about 11 Km/h (~3 m/s). The city centre has a noticeably lower average wind speed than the coastal site, which is common for many parts of the world. There is a large and growing database of such wind statistics for developed countries.
The mean speeds can be such that forward motion of some slower flying MAVs would not be possible for some of the time. Clearly this is a more important aspect of the flight envelope than for larger craft, due to the substantial differences in wind and flight speeds. However, the focus of our work is to investigate the turbulence or fluctuating properties in the ABL and we assume the mean atmospheric wind speeds are below the flight speeds of MAVs. A review of many sources of data on the ABL can be found in the Engineering Sciences Data Unit (ESDU) data sheet 74030 [12] which provides summaries up to 1974 and ESDU 85020 [13] revises and summarises single point data to 1985. A third data sheet, ESDU 86010 [14] details the variations in atmospheric turbulence in space and time for strong winds. Some multi-point data sets exist 3 ; however most multi-point measurements are separated in the vertical direction reflecting the main interests of the wind engineers; for aircraft laterally separated measurements are most useful, where the separation distance is of the order of less than the aircraft span.
A useful and interesting depiction of atmospheric turbulence very close to the ground is given in Figure 3 (note the person standing in the left hand side for an indication of scale). Although surface tension effects minimise the influence of the extremely small structures in the atmosphere, distortion of the soap film depicts some of the small-to-medium scale structures in the first few metres of the ABL. The influence of various scale eddies are apparent, ranging from less than half a metre to approximately 15 metres (the total length of the bubble is 32 metres). Less evident, but arguably more significant to the flight of MAVs, is vorticity about a horizontal axis which is apparent one-third of the way along the length of the bubble and also towards the end. Turbulence intensities for the three orthogonal velocities give a measure of relative gustiness in the atmosphere, and for the longitudinal turbulence intensity;
, where
For the lateral and vertical directions the fluctuating longitudinal velocity u' is replaced with v' or w'. The variations of intensities in the vertical direction, up to about 20m, have been measured in suburban terrain by Flay [15] , see Figure 4 . From such measurements it can be seen that with increasing closeness to the ground the turbulence intensity increases and changes characteristics. As the ground surface is approached the vertical fluctuations are attenuated, thus turbulent energy is mainly in the horizontal plane. However, there can still be significant energy in the vertical direction in the last few metres.
The spectra of the three orthogonal velocity components provide descriptions of the frequency contents. Whilst there is a wealth of data from wind engineering and meteorological measurements on this topic the focus has been on strong winds at higher elevations under conditions of neutral thermal stability. Note that spectra can be presented in dimensionless or dimensional forms (the latter will be used here) where the latter has units of (m/s) 2 /Hz. A dimensional energy spectrum of the turbulence measured during relatively strong winds and that encompasses a very wide frequency range is shown in Figure 5 . Data were obtained from the Brookhaven National Laboratory, via anemometers which were located in terrain category 6 (see Table  1 ) at approximately 100m from the ground. Whilst data are for a specific location, the authors note that the spectra from other locations exhibit similar spectral gaps and amplitudes. Four distinct peaks can be seen in the spectrum. They include three peaks at very low frequencies which can be considered as quasi-static, in terms of MAV dynamics. Of interest to MAVs is the peak at the right hand end. It is separated from the longer-term diurnal and weather effects by a gap centred at a period of one hour, suggesting that a one-hour average will capture turbulence effects in the boundary layer well and will exclude the longer-term influences. Since the scale of MAVs is small it is likely that we are only interested in time scales that are shorter than about ten seconds. 
TURBULENCE EXPERIENCED BY CRAFT MOVING THROUGH THE ABL
The relative air velocity (defined here as the velocity experienced by the moving vehicle relative to the air through which it is moving) is the vector sum of the velocity of the atmospheric wind and the vehicle velocity relative to the ground. Analytical frameworks that relate the turbulence characteristics for a moving point to characteristics obtained from ground-based anemometers have been developed for road and tracked vehicles [16] [17] [18] [19] [20] [21] . The effect of moving through the turbulence at a velocity that is significantly higher than the mean wind speed is to reduce the relative turbulence intensities (i.e. as perceived by the moving vehicle) and relative fluctuating flow angles and generally to increase the frequencies experienced. This relative turbulence is denoted by J and for the along-flight direction is:
, where (2) The addition of the mean vehicle speed V Veh (i.e. with reference to the Earth, rather than the wind) does not change the magnitude of turbulence fluctuations in the numerator, but it does increase the mean relative velocity in the denominator, thus reducing the perceived turbulence levels. For the case of city terrain, where an assumed value of turbulence intensity I u , of 30% is used, the effect of varying ground speed can be seen in Figure 6 . It should be noted that for city centres with many high-rise buildings I u can be over 50%. Wind engineers and building aerodynamicists replicate turbulence characteristics in experimental replication or CFD simulations for studies on buildings, masts etc. at reduced scales from about 1/100 to 1/1000th. This dictates that Reynolds number similarity is rarely met. Manned aircraft, since they fly at relatively high flight speeds, experience low levels of relative turbulence even under high atmospheric wind speeds and low altitudes. As most of the flight duration for manned aircraft is above the ABL there is less focus on this aspect of flight. Road vehicles, when driving at typical highway speeds, will experience turbulence intensities of 0 to perhaps 10% depending upon driving and atmospheric wind speeds and the terrain through which they are passing. MAVs however can experience relative intensities from 0% (flying in calm conditions) to infinite when hovering with respect to the mean atmospheric wind speed. The latter situation arises since the denominator -the flight speed relative to the mean atmospheric wind speed -will be zero, yet in any appreciable wind there will be a turbulent component in the numerator. The influence of turbulence on road vehicles is receiving increased attention and the effect of ground speed on velocity spectra has been investigated for road vehicles, where existing single-point meteorological data have been used as the input [20] . Here the meteorological data were for relatively smooth terrains which are not representative of the flight environment of MAVs.
DEDICATED MEASUREMENTS FOR MAV RESEARCH
The preceding discussions have shown that there is a large body of data gathered for meteorological and wind engineering purposes. However data were usually obtained utilising propeller, cup, dynes or ultrasonic anemometers placed either in isolation, or located on vertical masts with inter-anemometer spacing of several metres. The instruments used for collecting such data are relatively large and massive (sometimes larger and heavier than the typical dimension of an MAV) hence there is a lack of data with the desired spatial and temporal responses for MAVs. There is also the need to have data laterally separated by distances shorter than the span of MAVs if data are to be useful for understanding the flow field and hence dynamic response. Thus a program of multi-point measurements of atmospheric turbulence was undertaken which was dedicated to understanding the MAV flight environment. The measurements were taken a few metres above the ground in various terrains, where it was envisaged that they would most likely operate. It is stressed that measurements were made in locations which were not directly in the wakes of the roughness elements; rather they were sufficiently downstream such that the turbulence could be considered reasonably well mixed. Typically this meant that measurements would be at least ten characteristic dimensions away from buildings or other roughness elements. Measurements were made during the day under conditions of nominally neutral stability, where the turbulence arose from mechanical mixing of the flow rather than being thermally driven. The terrain classification follows that used in wind engineering as given in Table 1 . As details of the instrumentation and procedures used have already been published [4] and further information is available via download 1 , only an overview will be given here. Four TFI 4 multi-hole pressure probes, known as Cobra Probes, of 2.6 mm head dimension were utilised using lateral separations which could be varied from 14 to 150 mm, thus covering 'spans' of 42 mm to 450 mm. Multi-hole pressure probes were used because they provide a more robust alternative to hotwire anemometers and, via a dynamic calibration, have a frequency response that is flat from 0 to greater than 2,000 Hz. In terms of measurements in atmospheric turbulence they were found to be stable and robust. The probes were able to resolve the three orthogonal components of velocity and static pressure, as long as the flow vector was contained within a cone of ±45°around the probe x-axis. This enabled resolution of the constantly fluctuating velocity vector in turbulent flow when the probe was approximately aligned with the freestream flow direction and the turbulence intensities were not excessively large (typically below 30%, which was the case for most of the measurements except in very built up terrain). The particular probes used for these measurements had 2.5 kPa (0.3 psi) pressure transducers, and were dynamically calibrated by the manufacturer to allow accurate flow measurements up to ~50 m/s. Measurement spatial resolution was determined by the size of the probe head (2.6 mm). The Cobra Probe capabilities thus achieve the desired frequency response and had a spatial resolution less than a MAV characteristic dimension. Details of the system, examples of use and verification can easily be found [22] [23] [24] .
Three series of test have been carried out using this instrumentation; in the first the probe heads were mounted 3.9 m from the ground, on a mast above a station wagon vehicle, and aligned nominally to the direction of motion, see Figure 7 . A wide variety of terrains and conditions were surveyed using vehicle speeds from 0 to over 20 m/s. The second and third series of tests were made using only ground-based measurements on telescopic masts. Terrain category 3-4 was the environment for the second series of tests and the elevation was 2m. The third series was in category 6-7 and utilized a telescopic mast with an elevation of 10m. A large volume of data was recorded and only selected portions are presented here.
Longitudinal Velocity Spectra
Longitudinal spectra are presented in Figs. 8 to 11 for a range of atmospheric wind speeds, an elevation of 3.9 m and various terrains as described in Table 1 and shown on the following figures. In most cases several spectra obtained under nominally similar conditions (identified by similar colours) are shown on each figure. Figure 8 illustrates the spectral content for a relatively wide range of atmospheric winds. Note that the data obtained for the lowest level (Force 2) were obtained in the initial experiments; the small peak in the spectra is due to a resonance in the dynamics of the car/probe system which was rectified with an improved mounting system and did not occur in further tests.
It is clear that all spectra are closely similar and that they follow the well-known 5/3rds Kolmogorov spectral decay over three decades of frequencies. When a flight velocity is imposed on the data ( Figure 9 ) there is a shift of the spectra, as expected. If we now consider similar wind speeds but in a rougher terrain, the spectra show a higher level of energy; i.e. contrast the (red) force 3 line in Figure 8 with Figure 10. 
Potential Roll Inputs From Longitudinal Velocity and Pitch Angle Variations
The magnitude of velocity vector and pitch angle variations give insight into the potential rolling inputs of MAVs, when data are available from laterally separated points in space. This has been reported on previously [4] , but here we investigate a wider range of lateral separations including spans down to 14mm at a mean atmospheric wind speed of 4 m/s. The time-averaged outputs from each of the four probes was used to remove any offsets (i.e. to correct for any slight probe misalignment errors). Thus it has been assumed that over long time averages there is no variation in the mean wind direction at four closely located points in space. A typical time record of ten seconds with a zoom in on a selected section of data for 0.1 seconds from series two tests results (inter-probe spacing 150mm, terrain category 2-3, 2 m elevation) is given in Figure 11 . Immediately apparent in Figure 11a is the large variation in pitch angles with time (greater than +/-10 degrees in 0.1 seconds), but the plots lines for the four probes appear to have similar instantaneous pitch angles that are reasonably well correlated. Closer examination in Figure 11b (showing a zoomed in portion of the same data) reveals that there are considerable differences in pitch angle, at times ~15°between probes that are only separated by 14mm. Similar results were also found for the instantaneous angles in a variety of terrains and wind conditions [4] . It is thought that these differences occur when vorticity along a horizontal axis is experienced, as depicted at approximately one-third the way along the bubble in Figure 3 . The magnitude of instantaneous variations in the flow environment can be examined by plotting the standard deviations of the variation between probes calculated as shown below. Figure 12a and 12b show how these standard variations change with lateral separation. A combination of the magnitude of velocity and the pitch angle can be used with a suitable "stick fixed" model of an MAV to determine the potential roll inputs from the turbulence. In this form cross comparison of the effects of pitch and velocity fluctuations is possible. The simple model did not take into account the frequency of fluctuations; i.e. the MAV had an instantaneous response to each fluctuation, which will not be the case for any finite sized MAV. The response to gusts will depend upon many factors including the aerofoil section and chord, Reynolds number, mass and MOI's. This is part of on-going work.
Using a simple strip theory model we have shown [28] that the pitch angle fluctuations are more significant than the velocity fluctuations. For a lift curve slope of 2πα, fluctuations in pitch angle were found to cause lift force deviations in the order of 50 to 60 times that of longitudinal velocity fluctuations. When a more realistic lift curve slope for a low aspect ratio wing of 2.9α (as suggested for low aspect ratio MAVs by Torres & Mueller [29] ), the magnitude difference between the pitch angle and the velocity fluctuations reduces by a factor of (2π/2.9) to roughly 25-30 times. Lift force fluctuations calculated using both the velocity and pitch angle fluctuations raised an interesting observation; the fluctuations are slightly reduced when compared to the lift forces calculated by just using the pitch angle data. While the magnitude of reduction varies from case to case, it is generally between 2% to 6% lower. Thus there is a coupling between the velocity and pitch angle in atmospheric turbulence; as the pitch angle increases the velocity reduces and vice versa, resulting in a reduction in the difference in lift being produced at the two points when compared to the results from the pitch angle fluctuations [28] .
Consideration of Errors
Due to the nature of the measurements (i.e. examining the differences of small angles and velocities in a harsh outdoor environment) careful consideration of the errors associated with the acquisition system is necessary. These include the data acquisition errors (resolution, sampling frequency, inter-channel delay etc.) which have been analysed extensively by Pagliarella [30] . Worst case scenario from that analysis indicated possible errors of upto +/-0.1°. Other errors, such as those arising from differences in probe tip positions (including those due to vibrations) were investigated in two auxiliary experiments. These were performed in a wind engineering wind tunnel as well as in a relatively smooth-flow wind tunnel (turbulence intensity, 0.75%). The same supporting mast, structure etc. were used and data were analysed in the same fashion as in the field experiment. In the latter, the velocity fluctuations (including the pitch angle variations) were found to be very small and any pitch angle fluctuations would be from a combination of the turbulence in the tunnel and from errors in the system. Typical results are plotted in Figure 13 ; the blue circles are a selection of the data from the field tests and the red triangles are the data from the relatively smooth-flow wind tunnel. As can be seen, the data from the tunnel are well below those recorded in the field giving high confidence in the field test data. 
CONCLUDING REMARKS
The range of turbulence characteristics experienced by small aircraft, birds and insects is wide and depends upon the flight speed and the atmospheric wind speed, as well as terrain, elevation and the stability of the atmosphere. The results in this paper are a small subset of results from many outdoor measurements made during the day, under conditions of nominally neutral stability, at elevations from 2 to 3.9m in a variety of terrains. The majority of measurements were restricted to fairly welldeveloped turbulent flows thus not in the direct wakes of large obstacles (e.g. buildings etc). It was noted that potential roll inputs would be significant when any appreciable wind was present due to the variation of angle of attack as a function of lateral separation. This was still noticeable even at small (14mm) lateral separations -typical of the desired spans of micro and perhaps nano air vehicles and insects.
The spectra obtained from single point velocity measurements all exhibited a 5/3rds decay which is generally expected in developed turbulent flows from the analysis by Kolmogorov. MAVs will, however, have to fly in and around large obstacles for critical parts of the mission and thus flying in local effects (e.g. the wake of a large building) would appear to be the norm rather than the exception. Thus it is argued future measurements should examine the transient flow field experienced as an MAV traverses very close to the wakes of obstacle wakes.
Under low atmospheric winds thermal instabilities are known to augment the turbulence intensities and generally this has not been studied in cities by the wind engineering community. This is due to their focus on wind loadings under high winds. Thus levels of relative turbulence intensity experienced will be under-predicted as a fixed level of intensity is generally assumed. However this may not be problematic since the limiting case for MAV control will likely be in stronger winds.
